EXPERIMENTAL METHODS
In our earlier experiments, using the bubble type oxygenator described by DeWall, Warden, Varco, and , it was noted that, if a film of antifoam was applied to the debubbling chamber with a gauze swab, gross particles of antifoam appeared in the saline which was used to check the flow rate before starting perfusion. It became clear that any excess of antifoam was harmful and a method was devised to allow the minimum of antifoam to be used. The apparatus used for these experiments is shown in Fig. 1 . The antifoam was made up as a solution in ether (1: 5) and sprayed on to a nylon mesh. This reduced to a minimum the amount of antifoam to be exposed over a large surface area and gave maximum contact between the antifoam and the blood foam. The perfusion rate varied between 40 and 95 ml./kg., and the oxygen flow rate varied between three and five times the blood rate. The length of the perfusion was usually 30 minutes. All dogs were necropsied after death. Survivors were killed between one and six weeks after perfusion. We counted as survivors only dogs which had lived for at least seven days and were healthy at the time of sacrifice. Tissues taken from the dogs were fixed in 10% formol saline. Apart from the brains, which were removed whole, blocks were taken for histological examination from other organs, including kidneys, liver, spleen, heart, and lungs. From some of the tissues frozen sections were cut and mounted after staining in a watery medium. For the most part blocks were dehydrated in ethyl alcohol, cleared in xylene, and embedded in paraffin wax. Stained sections were dehydrated and cleared in the same solvents before mounting in synthetic resins.
RESULTS
The results of the experiments are shown in the Histological examination of the tissues revealed the presence of emboli in all the dogs, irrespective of whether they died immediately after the perfusion or whether they survived and were sacrificed later. The emboli were commonly 15-20 jt in diameter with occasional ones of 80 ju. Often they were elongated and moulded to the cylindrical form of the blood vessels. The material had the negative staining properties of antifoam. It is somewhat refractile but can be seen more clearly with phase-contrast microscopy. The emboli were most easily discovered in the tufts of the renal glomeruli and they could be found here in all animals ( Figs. 2 and 3 ). Since much of the renal capillary bed is conveniently grouped and the glomeruli receive a large fraction of the total blood flow, it was possible by counting the percentage of glomeruli involved to reach a numerical assessment of the number of emboli. In the worst dogs 80% of glomeruli contained emboli, and over half the capillary tufts in each glomerulus were blocked; in the least affected dogs about 1 % of the glomeruli contained emboli.
Emboli of antifoam were found in 20 of the 25 brains examined. When they were small (15-20 /i) they were not always related to infarcts. Where they were numerous, they blocked many arterioles and infarcts were produced (Figs. 4 and 5 The distribution of the infarcts is in agreement with the pattern to be expected from small emboli. Swank and Hain (1952) have shown that small particles of paraffin wax (15 z) were distributed in proportion to the density of the capillary bed and were most common in the grey matter. It follows that because of this greater capillary density in the grey matter emboli in this situation are less likely to cause infarcts than in the white matter. Their observations were confirmed by our material. It was found that infarcts and emboli were relatively more common in cerebellum, brainstem, and occipital lobes rather than in frontal regions.
Apart from the kidneys and brain, emboli were rarely found in other organs such as spleen and liver. They were only found after considerable search and are presumably not significant.
Emboli of other substances were found. One dog had fibrin thrombi in considerable quantities. In several there were platelet thrombi, but these were never numerous. We found no evidence of oxygen emboli. Gas emboli do not appear to have been a major factor since we account for most of the infarcts by the presence of antifoam emboli.
There was no evidence in any of the dogs of generalized anoxic or ischaemic damage. The Purkinje cells of the cerebellum rapidly disappeared from other dogs where general ischaemia was deliberately produced by cardiac arrest. In the animals whose circulation was maintained on the heart-lung machine these cells showed no abnormalities outside infarcted regions. The only other pathological featur4 other organs was a fairly marked pha red cells and the production of haem4 the spleens of several of the dogs kil weeks.
Various methods of application 4 have been tried to eliminate the fc emboli. None of these has been Antifoam when applied to a surface ethereal solution or spray forms glol solvent evaporates (Fig. 8) . These I the order of 40 /u with occasional lai 100 u. Diluting the solution results the larger globules forming, but the sn remain constant in size. Applyin autoclaving either to nylon or poly' to which antifoam has been applied dc it to adhere to the surface. The minin of emboli occurred in those dogs ir minimum amount of antifoam was u.
DISCUSSION
Several workers using equipment ours have reported damage in the experimental animals. Although the been of a focal type which suggests an embolic origin, the emboli were not demonstrated (Giannelli and others, 1957; Taylor and Cavanagh, 1958 Apart from the embolic effects of antifoam it is not toxic. We have observed no tissue reaction to the material, which, since it is insoluble in water, is inert. Nevertheless it does contain free colloidal which had dbehn silica, which, though clearly in this form is less irritant than when crystalline, may have undesireofnote in able effects if it is to lie in the body indefinitely.
Lgof Cote Of Although many emboli were found in vessels gocytosis if far from infarcts of the brain it cannot be assumed oslderosd s in that such an obstruction of the blood flow has lled at three not damaged the brain. It (Hodges, Sellers, Story, Stanley, Torres, and Lillehei, 1958) showed that excess of the material produced breakdown of the blood-brain barrier.
Many of the reports on neurological defect following extracorporeal circulation with bubble oxygenators have attributed the disorder to gas emboli (Maloney, Longmire, Schmutzer, Marable, Raschke, Watanabe, Lobpreis, and Arzouman, 1958) . Our own experience of this aspect of the problem is limited, but at low flow rates we have not found gas emboli and it would seem that this factor has been overemphasized. More antifoam particles are found in the renal glomeruli than elsewhere and it would therefore be expected that the bubble oxygenator might cause suppression of renal function.
The way in which polymethylsiloxane antifoam acts as a defoamant is not understood, but it is an effective defoaming agent if sufficiently dispersed. There is probably no support for the concept that adherence alone to the debubbling surface is adequate for defoaming (Penry and others, 1959) . It has been noted by many observers, including ourselves, that during the course of a perfusion the effectiveness of the defoamant gradually diminishes, and the presumption is that it passes into the circulation. This has been conclusively demonstrated by Reed and Kittle (1959 (DeWall, Warden, and Lillehei, 1958) . Antifoam is only effective when it passes into the blood, and attempts to fix it to the wall of the debubbling chamber are useless. It is clear that at any given flow rate the smaller the amount of antifoam used the fewer the emboli. To achieve this the first essential is to reduce the foaming of the blood to a minimum by using a low perfusion rate (in the region of 50 ml. /kg. body weight) and the lowest effective oxygen flow rate (blood gas ratios 1 :4). The antifoam should then be situated so as to keep it out of the main stream of blood in the debubbling chamber, but in contact with any foam that forms. This can best be achieved by applying the antifoam to a nylon mesh which is placed in the defoaming chamber. For flow rates of up to 1,000 ml. per minute 0.44 g. of antifoam is adequate for a 30-minute perfusion. Reed and Kittle (1959) have arrived at a similar figure and shown that the amount of antifoam required will be approximately doubled if the perfusion is required to continue for over 90 minutes. It may be pointed out that the particles of antifoam will not be removed by the standard mesh filter.
The evidence which we have presented suggests that this type of apparatus carries an inherent risk of cerebral damage from antifoam emboli.
SUMMARY
Experimental work on dogs using a bubble oxygenator has shown that the system inevitably produces emboli. These are due to the defoamant polymethylsiloxane. In a high proportion of animals cerebral infarcts result from these emboli. Some animals had extensive infarction of the brain without demonstrating any functional neurological disorder. The bubble oxygenator carries an inherent risk of cerebral emboli from antifoam.
